Hypothalamic AMP-activated protein kinase (AMPK) plays important roles in the regulation of food intake by altering the expression of orexigenic or anorexigenic neuropeptides. However, little is known about the mechanisms of this regulation. Here, we report that hypothalamic AMPK modulates the expression of NPY (neuropeptide Y), an orexigenic neuropeptide, and POMC (pro-opiomelanocortin-a), an anorexigenic neuropeptide, by regulating autophagic activity in vitro and in vivo. In hypothalamic cell lines subjected to low glucose availability such as 2-deoxy-D-glucose (2DG)-induced glucoprivation or glucose deprivation, autophagy was induced via the activation of AMPK, which regulates ULK1 and MTOR complex 1 followed by increased Npy and decreased Pomc expression. Pharmacological or genetic inhibition of autophagy diminished the effect of AMPK on neuropeptide expression in hypothalamic cell lines. Moreover, AMPK knockdown in the arcuate nucleus of the hypothalamus decreased autophagic activity and changed Npy and Pomc expression, leading to a reduction in food intake and body weight. AMPK knockdown abolished the orexigenic effects of intraperitoneal 2DG injection by decreasing autophagy and changing Npy and Pomc expression in mice fed a high-fat diet. We suggest that the induction of autophagy is a possible mechanism of AMPK-mediated regulation of neuropeptide expression and control of feeding in response to low glucose availability.
Introduction
Appetite regulation has garnered significant attention due to its importance for maintaining energy balance, which is determined by calorie intake and energy expenditure. Research on appetite control is needed to cure metabolic diseases such as obesity and its complications, which have become a worldwide epidemic. 1, 2 However, interactions among upstream regulators of appetite-related effectors and regulatory mechanisms underlying their interactions remain to be elucidated.
Feeding behavior is centrally controlled by the hypothalamus, which is located in the medial basal region of the brain. The hypothalamus senses and integrates diverse signals (such as the levels of glucose [3] [4] [5] [6] [7] and hormones [8] [9] [10] [11] ) from blood vessels and through the third ventricle, and thereby regulates food intake. Two major neuronal populations in the arcuate nucleus (ARC) of the hypothalamus play a critical role in controlling food intake. 12, 13 One of them co-expresses orexigenic NPY (neuropeptide Y) and AGRP (agouti related neuropeptide) and promotes food intake, 14, 15 whereas the other population co-expresses anorexigenic CARTPT/CART (CART prepropeptide) and POMC (pro-opiomelanocortin-a) and inhibits food intake. [16] [17] [18] Hypothalamic AMP-activated protein kinase (AMPK) plays a pivotal role in the regulation of energy homeostasis and provides a link between peripheral signals and central control of feeding behavior by sensing nutrient availability. [19] [20] [21] Hypothalamic AMPK is activated under nutrient deficiencies such as hypoglycemia, 22, 23 and its activity is strongly affected by peripheral hormones such as LEP (leptin) and GHRL (ghrelin). 19, 20 Intracerebroventricular administration of the AMPK activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) to the hypothalamic paraventricular nucleus significantly increases food intake, 19 emphasizing the importance of hypothalamic AMPK in controlling feeding behavior and energy metabolism. The expression of constitutively active AMPK in the medial hypothalamus increases Npy and Agrp mRNA expression levels in fasted mice, whereas the levels of the corresponding neuropeptides are decreased in mice fed ad libitum that express the dominant-negative (DN) PRKAA1/a1 and PRKAA2/a2 subunits of AMPK. 20 Food intake and body weight of these mice change significantly in accordance with the alterations in neuropeptide expression. Furthermore, fasted mice with a POMC neuron-specific Prkaa2 knockout have a higher ratio of orexigenic neuropeptides over Pomc mRNA (Npy:Pomc and Agrp:Pomc) than the fasted wild-type control. Although these studies support the view that hypothalamic AMPK exerts its metabolic effects by modulating neuropeptide transcription in the ARC, 24 the molecular mechanism by which hypothalamic AMPK regulates neuropeptide expression has not been clearly understood. Emerging evidence suggests that macroautophagy (hereafter autophagy), a self-degradation process that maintains cellular homeostasis by delivering cytoplasmic components to the lysosome, is closely involved in the regulation of food intake by the hypothalamus. [25] [26] [27] [28] [29] [30] In mice with a POMC neuron-specific deletion of Atg7 (autophagy-related 7), both food intake and body weight increase, 27 and mice lacking Atg12 in hypothalamic POMC neurons show elevated weight gain and adiposity associated with increased food intake. 30 Furthermore, hypothalamic POMC neuron-specific loss of autophagy decreases a-MSH (a-melanocyte stimulating hormone) levels and elevates adiposity, which is consistent with increased food consumption. 25 In contrast, selective loss of Atg7 in hypothalamic AGRP neurons reduces food consumption during refeeding after 6 or 24 h of fasting, in line with decreased AGRP and increased POMC expression levels. 26 Although these studies indicate that hypothalamic autophagy plays a critical role in the regulation of feeding behavior and body metabolism, the physiological conditions that indeed regulate hypothalamic autophagy remain to be elucidated.
ULK1 (unc-51 like kinase 1) is a key initiator of the autophagic process and is inhibited by MTOR (mechanistic target of rapamycin [serine/threonine kinase]), a regulator of cell growth and proliferation. [31] [32] [33] [34] AMPK phosphorylates RPTOR/raptor (regulatory associated protein of MTOR, complex 1) to inhibit the RPTORcontaining MTOR complex 1 (MTORC1). 35 The inhibition of this complex releases ULK1 from MTORC1, leading to autophagy induction. [36] [37] [38] In addition, AMPK activates autophagy by directly phosphorylating ULK1 under conditions of glucose starvation. 31, [39] [40] [41] Moreover, autophagy induction by AMPK through modulating MTORC1 and ULK1 was also reported in neurons. 42 Although these studies suggest that AMPK activity is closely involved in the induction of autophagy, it is not clear whether hypothalamic AMPK-induced autophagy regulates food intake. In this report, we observed that AMPK activation by low glucose availability induced autophagy, leading to changes in Npy and Pomc expression in hypothalamic neuronal cells. Furthermore, in vivo ARC-specific AMPK knockdown suppressed autophagy triggered by glucoprivation induced by intraperitoneal (ip) injection of the glycolysis blocker 2-deoxy-D-glucose (2DG), and thereby significantly decreased food intake and body weight in mice fed a high-fat diet (HFD). To the best of our knowledge, this is the first report demonstrating that hypothalamic AMPK regulates feeding behavior by controlling autophagy-mediated changes in neuropeptide expression in the hypothalamus.
Results
2DG and glucose-free medium activate AMPK and induce autophagy via modulation of ULK1 and MTORC1
Several studies have shown that AMPK induces autophagy under low glucose availability in various cell types. [43] [44] [45] [46] To examine whether this is true for mouse embryonic hypothalamic cell lines (NPY-expressing mHypoE-N41 and POMC-expressing mHypoE-N43/5), we used 2 conditions of low glucose availability. Glucoprivation was induced by adding 2DG (20 mM) into medium containing 25 mM glucose (the same medium without 2DG was used as control). Glucose deprivation was induced by changing 25 mM glucose medium to glucose-free medium (0 mM glucose). Both 2DG and glucose-free medium increased the level of AMPK phosphorylation at Thr172 (which is an indicator of AMPK activation) 47, 48 in comparison with the control (Fig. 1A and B ). AMPK activation induced by 2DG and glucose-free medium led to phosphorylation of ACAC/ACC (acetyl-coenzyme A carboxylase) at Ser79; ACAC is a well-known AMPK substrate. 49, 50 The AMPK targets related to autophagy induction, such as ULK1 and RPTOR, were also phosphorylated, in accordance with previous reports. 35, 37, 51 The phosphorylation levels of ULK1 (Ser555) and RPTOR (Ser792) were higher than the control in both cell lines (N41 and N43/5) under low glucose availability. We next examined autophagy induction using NBR1 (neighbor of Brca1 gene 1) and MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3). NBR1 acts as a receptor protein (it brings cargo to the phagophore, the precursor of the autophagosome) and is degraded upon autophagy activation. 52, 53 LC3 is a well-known marker of autophagic activity; the LC3-I form is converted to LC3-II when autophagy is induced. [54] [55] [56] 2DG and glucose-free medium decreased the levels of NBR1 and increased the levels of LC3-II, indicating the induction of autophagy. Collectively, these results suggest that 2DG or glucose-free medium elevates the phosphorylation of AMPK, ULK1 and RPTOR, leading to induction of autophagy.
To confirm that AMPK activation is sufficient to increase the autophagy flux, hypothalamic neuronal cells were treated with AICAR (0.5 mM), a well-known AMPK activator, for 12 h (Fig. 1C) . AICAR increased the levels of phosphorylation of AMPK, ACAC, ULK1, and RPTOR in both N41 and N43/5 cells. AICAR also reduced the levels of NBR1 and elevated the levels of LC3-II. Taken together, these results suggest that AMPK activation by low glucose availability or AICAR induces autophagy in hypothalamic cells.
We confirmed the autophagic flux by assessing a change in LC3-II levels using the lysosomal protease inhibitors E64d and peptstatin A along with the treatment of 2DG, 0 mM glucose and AICAR (Fig. 1D) . 55 In both cell lines, inhibition of lysosomal activity led to increased LC3-II, indicating that the increase in LC3-II induced by low glucose availability or AICAR reflects an increased autophagy flux.
AMPK inhibition prevents AMPK-induced autophagy
Next, we further verified whether AMPK is required for autophagy induced by low glucose availability. Pharmacological inhibition of AMPK by compound C (16 mM) decreased 2DG-and glucose-free medium-induced elevation of phosphorylation of AMPK, ACAC, ULK1, and RPTOR. In addition, compound C reduced the levels of LC3-II, indicating that autophagy induction by 2DG and glucose-free medium was attenuated ( Fig. 2A) . We also confirmed the autophagy flux induced by low glucose availability during the treatment with compound C by assessing a change in LC3-II levels using lysosomal protease inhibitors (Fig. 2B) . The accumulation of LC3-II caused by E64d and pepstatin A was decreased by compound C in both 2DG and 0 mM glucose conditions.
Observation of mRFP-GFP-LC3 fluorescent puncta further confirmed that autophagy in N41 and N43/5 cells was regulated by AMPK activity (Fig. 2C and D) . Due to different stabilities of GFP and RFP at low pH, 57 the autophagic flux can be assessed by counting autophagosomes (yellow) and autolysosomes (red). The increased number of total puncta and red puncta per cell in both cell lines upon 2DG addition and glucose-free medium indicated an increased autophagy flux, in accordance with a previous report. 58 In contrast, compound C decreased the number of autophagosomes and autolysosomes, indicating that the induction of autophagy by 2DG and glucose-free medium was diminished by AMPK inhibition (Fig. 2D) .
Although compound C has been used as a specific AMPK inhibitor, others have reported that compound C could affect autophagy independently of AMPK activity. 55, 59, 60 To further confirm the effect of AMPK inhibition on autophagy, we genetically suppressed AMPK by infecting hypothalamic cells with lentiviruses expressing short hairpin RNAs (shRNAs) targeting PRKAA1 and PRKAA2. We knocked down the expression of both PRKAA1 and PRKAA2 because we observed a compensatory response between the 2 isoforms (data not shown) in line with other reports. 61, 62 To control for off-target effects, 2 different shRNAs against each isoform were used and effective knockdown was confirmed by reduced levels of total AMPK and its phosphorylation. AMPK knockdown dramatically reduced phosphorylation of ACAC, ULK1, and RPTOR (Fig. 2E) . Induction of LC3-II by 2DG or glucose-free medium was diminished in AMPK knockdown cells (Fig. 2E) . AMPK knockdown also significantly decreased phosphorylation of ACAC, ULK1 and RPTOR, and the levels of LC3-II in the 25 mM glucose control. Of note, quantification of immunoreactivity for LC3-II in Fig. 2E showed that the reduction of LC3-II by shAmpk was greater in the N43/5 cells than in N41 cells. We assume that this differential effect is due to the different , p < 0.001 for vehicle vs. CC in groups exposed to glucose-free medium). (E) N41 and N43/5 cells infected with lentiviruses containing control or both AMPK (against a1 and a2) shRNAs were exposed to low glucose conditions for 4 h, and the levels of p-AMPK (Thr172), total AMPK, p-ACAC (Ser79), total ACAC, p-ULK1 (Ser555), total ULK1, p-RPTOR (Ser792), total RPTOR, LC3, and GAPDH were detected by immunoblotting. p-AMPK, p-ACACB (upper band), p-ULK1, and p-RPTOR were normalized to corresponding total proteins. Protein levels of p-AMPK (in panel D), total AMPK, and LC3-II were normalized to GAPDH. Numbers under blots indicate relative quantitative mean values of independent replicates (A and D: n D 2, B: n D 3).
efficiency of AMPK knockdown and its effects on activation of downstream targets, ULK1 and RPTOR, between N41 and N43/5 cells. As shown in the immunoreactivity quantification of Fig. 2E , knocked down N43 cells showed relatively lower levels of phosphorylated (p)-ULK1 and p-RPTOR compared to N41 cells under low glucose conditions, which may contribute to more reduced levels of LC3-II. Taken together, pharmacological or genetic inhibition of AMPK diminished autophagy, suggesting that autophagy induction by low glucose availability as well as basal autophagy is AMPK-dependent.
AMPK upregulates Npy and downregulates Pomc expression
As N41 and N43/5 cells express NPY and POMC, respectively, we next ascertained whether AMPK affects neuropeptide expression in these cell lines. AICAR treatment significantly increased Npy mRNA expression in N41 cells and decreased Pomc mRNA expression in N43/5 cells (Fig. 3A) .
To investigate the effects of AMPK inhibition on NPY and POMC expression, N41 and N43/5 cells were exposed to 2DG or glucose-free medium with or without compound C (Fig. 3B ). 2DG or glucose-free medium increased Npy mRNA levels in N41 cells and decreased Pomc mRNA levels in N43/5 cells. More importantly, the levels of Npy mRNA expression elevated in response to these treatments were significantly decreased when compound C was added. Compound C also abolished the reduction of Pomc expression by 2DG and glucose-free medium. These results indicate that blocking AMPK activity reverses the changes in Npy and Pomc mRNA expression induced by low glucose availability.
To corroborate the effects of pharmacological activation and inhibition of AMPK on the levels of Npy and Pomc mRNA, we genetically knocked down AMPK using lentiviruses containing Prkaa1 and Prkaa2 shRNAs. The levels of both Prkaa1 and Prkaa2 transcripts were significantly reduced by 66.2% and 83.3%, respectively, in N41 cells, and by 64.1% and 83.0% in N43/5 cells compared to those in control lentivirus-infected cells (Fig. 3C ). In AMPK knockdown cells, upregulated Npy expression induced by 2DG and glucose-free medium was attenuated, and the reduction of Pomc expression triggered by 2DG and glucose-free medium was abolished (Fig. 3D) .
These results suggest that AMPK positively regulates Npy expression in N41 cells and negatively regulates Pomc expression in N43/5 cells, and modulation of neuropeptide expression by glucoprivation or glucose deprivation requires AMPK activity in both cell lines.
AMPK-induced autophagy regulates Npy and Pomc expression under low glucose availability
We next ascertained whether autophagy mediates the regulation of Npy and Pomc expression by activated AMPK under low glucose availability in hypothalamic cells. We knocked down the essential autophagy gene Atg5 using small interfering RNAs (siRNAs) and confirmed that Atg5 knockdown inhibited the induction of autophagy by glucoprivation and glucose deprivation (Fig. 4A) . In both N41 and N43/5 cells, Atg5 knockdown had no effect on the extent of AMPK phosphorylation but attenuated the increase in LC3-II in response to these cues (Fig. 4A) . Autophagy inhibition by Atg5 knockdown in both cells attenuated the changes in Npy and Pomc induced by 2DG or glucose-free medium compared to the control siRNAs (Fig. 4B ). In addition, autophagy inhibition by Atg5 knockdown reduced Npy expression and induced Pomc to some degree even at 25 mM glucose, suggesting that autophagy may also be responsible for basal expression of Npy and Pomc.
We also pharmacologically inhibited autophagy using the cysteine protease inhibitor E64d (20 mg/ml). E64d treatment led to LC3-II accumulation due to inhibition of autophagy; however, AMPK activation in response to 2DG and glucosefree medium remained unaffected (Fig. 4C) . Similar to Atg5 knockdown, E64d reduced Npy expression and induced Pomc expression at 25 mM glucose (Fig. 4D) . We also found that the effects of low glucose utilization on neuropeptide expression were attenuated when E64d treatment was used together with 2DG or glucose-free medium (Fig. 4D) . Taken together, our data show that autophagy is required for low glucose availability-induced modulation of Npy and Pomc expression.
Autophagy induction by MTOR inhibition regulates Npy and Pomc expression
Because AMPK phosphorylated ULK1 (Ser555) and RPTOR (Ser792), we further confirmed whether AMPK downstream targets in the autophagy pathway are involved in neuropeptide expression. The MTOR inhibitor rapamycin (20 nM) inhibited MTOR, as evidenced by reduced phosphorylation of RPS6KB1/ S6K1 (ribosomal protein S6 kinase, polypeptide 1) at Thr389 (Fig. 5A ), which is a MTOR substrate. 63 Rapamycin reduced MTOR activity leading to autophagy induction verified by decreased phosphorylation of ULK1 at Ser757 (Fig. 5A) , which is the MTOR inhibitory phosphorylation site. 31 We also assessed lipidation of GABARAP (gamma-aminobutyric acid receptor associated protein) to verify autophagy induced by rapamycin, because lipidated GABARAP (GABARAP-II) also acts at a late stage of autophagosome biogenesis and is indicative of autophagy activity. 64, 65 The levels of LC3-II and GABARAP-II were elevated in response to rapamycin, indicating autophagy induction (Fig. 5A) . Rapamycin-induced autophagy increased Npy expression and decreased Pomc expression (Fig. 5B) .
Atg5 knockdown together with rapamycin treatment confirmed the role of autophagy induction in neuropeptide expression ( Fig. 5C and D) . In Atg5 knockdown cells, rapamycin failed to increase LC3-II and GABARAP-II. Atg5 knockdown attenuated the increase in Npy and decrease in Pomc induced by rapamycin (Fig. 5D ). Taken together, these data suggest that autophagy induction by AMPK downstream signaling mediates alteration of Npy and Pomc expression.
Mice with AMPK knockdown in the ARC show decreased autophagy, food intake, and body weight
To assess the role of AMPK in the regulation of food intake in vivo, we injected lentiviruses carrying Prkaa1 and Prkaa2 shRNAs stereotaxically into the ARC of mice (shAmpk group). Lentiviruses were successfully targeted to the ARC (Fig. 6A ).
On d 6 and 7 after viral injection, food intake of the shAmpk group substantially decreased in comparison with that of the control shRNAs (shCont) group when fed a normal diet (ND). Due to a strong reduction in food intake on d 6, body weight of the shAmpk group was also significantly lower than that of the shCont group from d 6.
To evaluate the effects of AMPK knockdown on food intake and body weight gain under acute metabolic stress, we fed mice a HFD for 2 wk after virus injection. In accordance with the ND experiment, a significant reduction in food intake was observed 6 d after viral injection when fed a HFD (Fig. 6C) . Body weight of the shAmpk group became significantly lower than that of the shCont group from d 6 (Fig. 6C) . In both ND and HFD experiments, a dramatic decrease in body weight was observed when food intake was reduced in the shAmpk groups. The difference in body weight between the 2 groups (shCont groups vs. shAmpk groups in both ND and HFD) was sustained after d 7, probably because both groups consumed comparable amounts of food after d 7, suggesting that changes in body weight were caused by alteration of food consumption (Fig. 6B and C) .
The expression of AMPK in the ARC in the shAmpk group dropped by 41.0% of the shCont group fed a HFD. AMPKmediated phosphorylation of ULK1 (Ser555) and RPTOR (Ser792) was significantly reduced (Fig. 6D) . In addition, the accumulation of NBR1 and the reduction in LC3-II levels suggested that the levels of autophagy in the ARC were lower in the shAmpk group than in the shCont group (Fig. 6D) . Consistent with the in vitro data, AMPK knockdown reduced the levels of Npy mRNA and increased the levels of Pomc mRNA in comparison with those in the shCont group (Fig. 6E) .
AMPK knockdown in the ARC prevents 2DG-induced hyperphagia
Based on the in vitro finding that AMPK inhibition attenuates changes in Npy and Pomc expression induced by 2DG, we tested whether these changes in neuropeptide expression indeed drive alteration of food intake in vivo. Mice were given an ip injection of 2DG (500 mg/kg of body weight), which was previously reported to activate hypothalamic AMPK. 66, 67 In ND-fed mice, 2DG increased food intake 2 h after injection (Fig. 7A) . Intriguingly, the 2DG-induced hyperphagic effects were greater in HFD-fed mice than in ND-fed mice (Fig. 7B) . In HFD-fed mice, the cumulative food intake was significantly increased 1 h and 2 h after 2DG injection and remained elevated until 4 h in comparison with the saline-injected group.
Since 2DG showed greater hyperphagic effects in HFD-fed mice than in ND-fed mice, we evaluated its effects on food intake in the control and AMPK knockdown HFD-fed groups on d 6 after virus injection (when AMPK was effectively knocked down). In the shCont group, 2DG-injected mice consumed a greater amount of food than did saline-injected mice. Interestingly, AMPK knockdown significantly blocked 2DG-induced hyperphagia (Fig. 7C) . The expression of AMPK was significantly decreased in the ARC but not in the lateral hypothalamus (LH) of the shAmpk group, which verifies specific AMPK knockdown in the ARC (Fig. 7D) . Notably, 2DG increased phosphorylation of AMPK (Thr172), ULK1 (Ser555), and RPTOR (Ser792) in the ARC of the shCont group. In addition, a decrease in NBR1 and an increase in LC3-II in the 2DG-injected shCont group suggest that 2DG induced autophagy in the ARC. Interestingly, AMPK knockdown in the ARC diminished these changes induced by 2DG (Fig. 7F) . Because hypothalamic AMPK activity peaks during the dark cycle, 68 we observed lower phosphorylation of AMPK, ULK1, and RPTOR during the light cycle than the dark cycle (Fig. 7E) . Unexpectedly, there was no further decrease in p-AMPK levels in the saline-treated shAmpk group compared with the saline-treated shCont group (Fig. 7F) . That result might be due to a compensatory increase in p-AMPK levels of remaining AMPK under , and LC3-II in the ARC of shCont and shAmpk mice that were sacrificed 1 h after 2DG injection. p-ULK1 and p-RPTOR were normalized to corresponding total proteins. Other protein levels were normalized to GAPDH. Protein levels in the shCont group were arbitrarily set to 1.0 ( Ã , p < 0.05; ÃÃ , p < 0.01 for saline vs. 2DG in the shCont group; n D 4). (G) Npy and Pomc mRNA expression levels in the ARC from shCont and shAmpk mice that were sacrificed 1 h after 2DG injection. Mice were fed a HFD for 6 d after lentivirus injection, and 2DG was administered on d 6 ( Ã , p < 0.05 for saline vs. 2DG in shCont; n D 6 or 7).
knockdown conditions in vivo. However, 2DG treatment failed to increase p-AMPK levels in the shAmpk group, consistent with attenuated changes in AMPK downstream targets and LC3-II following AMPK knockdown in the ARC (Fig 7F) . 2DG elevated Npy and inhibited Pomc expression in the shCont group, whereas these changes were strongly abolished in the shAmpk group (Fig. 7G) . Taken together, these results suggest that AMPK knockdown in the ARC suppresses 2DG-induced autophagy and hyperphagia by altering the expression of Npy and Pomc.
Discussion
In this study, we hypothesized that autophagy mediates the effects of hypothalamic AMPK on modulation of neuropeptides that play a critical role in regulation of food intake. Our in vitro study using hypothalamic cell lines shows that low glucose utilization activates AMPK, which phosphorylates ULK1 and RPTOR, induces autophagy and modulates Npy and Pomc mRNA expression. Low glucose availability-induced effects of AMPK on the neuropeptides were abolished by inhibition of autophagy. Furthermore, changes in autophagy and neuropeptide expression induced by ARC-specific AMPK knockdown in mice were attributed to the attenuation of glucoprivationinduced hyperphagia. It remains controversial whether autophagy in the brain responds to nutritional status such as starvation. It has been suggested that autophagy in the brain is unlikely to undergo drastic changes under starvation conditions, 69, 70 because peripheral tissues continue to provide nutrients to the brain. 71 In contrast, it has been revealed that brain autophagy protects neurons under fasting conditions or during nutrient deprivation. [72] [73] [74] In line with these findings, our study demonstrates that low glucose availability induces autophagy by activating AMPK, which phosphorylates ULK1 and RPTOR in hypothalamic neuronal cells, supporting the evidence that autophagy in the brain sensitively responds to nutritional status.
For many years, scientists have strived to figure out the role of autophagy in the hypothalamus regarding food intake and body metabolism. [25] [26] [27] [28] [29] [30] Nevertheless, the roles of hypothalamic autophagy on neuropeptide expression related to appetite are not completely understood. Here, we found that inhibition of autophagy by siRNAs or a protease inhibitor decreases Npy mRNA expression and increases that of Pomc in normal conditions without glucoprivation or glucose deprivation. We also found that changes in neuropeptide expression induced by low glucose utilization are attenuated when autophagy is inhibited, suggesting that hypothalamic autophagy mediates neuropeptide regulation. Furthermore, our experiments that used rapamycin treatment together with Atg5 knockdown support the conclusion that autophagy plays a role in neuropeptide expression when MTORC1 is inhibited by either AMPK-mediated RPTOR inhibition or rapamycin treatment. Altogether, our data demonstrate that autophagy is required for normal neuropeptide expression not only at the basal state but also in response to low glucose availability.
According to our in vitro results, there were differences in the regulation of the expression levels of Npy and Pomc by autophagy under low glucose availability and rapamycin treatment. Atg5 knockdown abolished the low glucose-induced reduction in Pomc expression, whereas the increase in Npy expression was still observed. Modulation of autophagy may not be the only mechanism of the regulation of neuropeptide gene expression, since NPY is also regulated by other mechanisms such as the ACAC-malonyl-CoA-CPT1/carnitine palmitoyltransferase 1 pathway. 75, 76 It has been reported that intracerebral infusion of rapamycin enhances neural projection and excitability of POMC neurons in old (12-mo old) mice. 77 Interestingly, effects of rapamycin on increasing POMC activity were not observed in young (2-mo old) mice. These observations suggest that MTOR signaling in hypothalamic POMC neurons is relatively lower in young mice than old mice. As Pomc mRNA levels were not measured in their study, it is difficult to conclude that a change in POMC activity induced by rapamycin is directly correlated with Pomc expression levels. In contrast, another study has shown that intracerebral infusion of rapamycin rather decreases Pomc mRNA expression in young (7-10-wk old) mice. 78 Consistent with this finding, we observed decreased Pomc mRNA expression following rapamycin treatment in hypothalamic POMCexpressing cells. It is unclear whether this discrepancy comes from different levels of MTOR signaling depending on age, as well as different doses and duration of rapamycin treatment. Therefore, the effect of rapamycin on Pomc expression should be further investigated and interpreted in the context of various experimental conditions. Our in vitro data suggest a mechanism by which AMPK regulates feeding behavior. Whether hypothalamic AMPK affects feeding behavior by regulating neuropeptide mRNA expression has been intensively investigated. 20, 21, 24 However, the exact mechanism of this regulation has not been fully understood. We hypothesized that glucoprivation-induced AMPK activation regulates neuropeptide levels via autophagy and increases food intake in mice. It is assumed that peripheral administration of 2DG leads to hyperphagia by inhibiting glucose utilization in the hypothalamus and upregulating NPY, [79] [80] [81] [82] because 2DG penetrates the blood-brain barrier through a glucose transporter. 83, 84 PRKAA1 alone also regulates autophagy in mice 85 and human monocytes. 86 Selective Prkaa2 knockout in AGRP and POMC neurons leads to lean and obese phenotypes, respectively. 24 We knocked down both AMPK subunits (PRKAA1 and PRKAA2) using lentiviral shRNAs in the mouse ARC to avoid possible complications caused by knockdown of a single subunit. AMPK knockdown in the ARC attenuated 2DG-induced hyperphagia, in line with other studies that used compound C and overexpression of AMPK-DN. 66, 67 Our data suggest that hypothalamic AMPK mediates 2DG-induced hyperphagia by activating autophagy, which changes Npy and Pomc expression.
Although our study demonstrates that AMPK-activated autophagy controls neuropeptide expression in the hypothalamus, it is still unclear how autophagy modulates the levels of neuropeptides involved in feeding regulation. Notably, other research groups have suggested an autophagic mechanism by which the expression of hypothalamic neuropeptides is changed. Kaushik et al. have reported that intracellular free fatty acids produced by autophagy promote AGRP expression in hypothalamic neuronal cells. 26 Phosphorylation of STAT3
(signal transducer and activator of transcription 3) by LEP upregulates Pomc transcription by releasing its inhibition by FOXO1 (forkhead box O1). 87 It has been shown that the loss of Atg7 in POMC neurons undermines phosphorylation of STAT3 and impairs LEP sensitivity during refeeding. 27 In light of these reports, autophagy induction by low glucose conditions probably modulates the intracellular metabolites derived from autophagy or activity of downstream transcription factors related to Npy or Pomc gene expression, thereby increasing food consumption. Molecular mechanisms by which AMPKinduced autophagy changes the levels of Npy and Pomc mRNA warrant further investigation.
We could not rule out that AMPK-induced autophagy in the ARC regulates appetite not only by regulating neuropeptide expression but also by modulating other factors. Considering that hypothalamic autophagy regulates body metabolism by affecting inflammation, 28 lipid metabolism, 26 axonal growth, 29 or LEP signaling, 27 it would be interesting to investigate whether regulation of food intake by AMPK-induced autophagy is mediated by its effects on some of these processes.
In summary, our study identifies the AMPK-autophagy axis in the ARC as a regulatory pathway for Npy and Pomc expression and feeding behavior under low glucose availability. We showed that hypothalamic AMPK activation in response to low glucose availability induces autophagy and is a possible pathway that upregulates Npy and downregulates Pomc expression, thereby increasing food intake. Our study may contribute to a better understanding of molecular mechanisms and physiological dynamics of feeding behavior by providing integrative insights into the role of AMPK-mediated autophagy in the hypothalamus. . Rapamycin (Sigma, R8781) was used to induce autophagy. 2DG (Sigma, D6134) was used to induce glucoprivation. 2DG was dissolved in DPBS (Corning, 21-031-CVR) or saline; AICAR, compound C, E64d, pepstatin A and rapamycin were dissolved in dimethyl sulfoxide (Sigma, D2650).
Materials and methods

Antibodies and chemical reagents
Cell culture
The embryonic mouse hypothalamic mHypoE-N41 (N41; Cellutions Biosystems Inc., CLU121) and mHypoE-N43/5 (N43/5; Cellutions Biosystems Inc., CLU127) cell lines were maintained in DMEM (Sigma, D5796) with 10% fetal bovine serum (Hyclone Laboratories Inc., SH30919.03) and 1% penicillin/ streptomycin (Hyclone Laboratories Inc., SV30010) at 37 C. For glucoprivation (2DG) or glucose deprivation (glucosefree), 2DG was added in 25 mM glucose DMEM (Welgene, LM001-07) or 0 mM glucose DMEM (Welgene, LM001-56) was used to replace DMEM with 25 mM glucose. Lenti-X 293T (Clontech, 632180) cells were maintained in DMEM (Hyclone Laboratories Inc., SH30243) under the same conditions as hypothalamic cell lines.
Animals
Male C57BL/6 mice were purchased from KOATECH and housed (one per cage) in individually ventilated cages under a 12-h light/dark cycle (lights on from 6:00 to 18:00) in a temperature-and humidity-controlled room with ad libitum access to water and ND (LabDiet, Inc., 38057) or HFD (60% kcal from fat; Research Diets, Inc., D12492). Food intake and body weight were measured daily just before the onset of the dark cycle. All animal studies followed the guidelines on care and use of laboratory animals as approved by the Institutional Animal Care and Use Committee at Daegu Gyeongbuk Institute of Science & Technology (DGIST; Daegu, Korea).
mRFP-GFP-LC3 plasmid transfection and confocal microscopy
N41 and N43/5 cells were seeded in 12-well plates on microscope coverslips (Marienfeld, 0111580) and were transfected with 1.2 mg of the mRFP-GFP-LC3 plasmid (a gift from Dr. Inhee Mook-Jung, Seoul National University, Korea) using Lipofectamine 3000 (Invitrogen, L3000-015) for 24 h following the manufacturer's instructions. After the treatments indicated in the figure legends cells were fixed with 4% formaldehyde in PBS and stained with Hoechst 33342 (Invitrogen, H3570) following the manufacturer's instructions. Images were obtained using an inverted confocal microscope (Carl Zeiss, LSM 700). For quantification of autophagic cells, red, green, or yellow puncta were counted from at least 30 cells. Confocal microscopy images were analyzed using ZEN 2009 and ImageJ software.
siRNA transfection N41 and N43/5 cells were seeded in 6-well plates and transfected with ON-TARGETplus mouse siRNA composed of 4 different siRNAs. Scrambled siRNAs (100 nM; Dharmacon, D-001810-10-10-05) or Atg5 siRNAs (100 nM; Dharmacon, L-064838-00-0010) were transfected using Lipofectamine 3000 for 48 h following the manufacturer's instructions.
Lentivirus preparation
Lenti-X 293T cells were seeded on 10-cm dishes (6.0 £ 10 6 cells per dish) and cultured overnight. To produce lentiviruses, the pLKO.3G (encoding eGFP) or pLKO.1 construct (8 mg each) carrying control, Prkaa1-or Prkaa2-targeting shRNAs were co-transfected with the psPAX2 packaging plasmid (6 mg) and pMD2.G envelope plasmid (2 mg) using TurboFect (Thermo Scientific, R0531) following the manufacturer's instructions. To avoid off-target effects, 2 different shRNA plasmids for each AMPK isoform were used (Prkaa1/AMPKa1: Sigma, TRCN0000360842 and TRCN0000360770; Prkaa2/AMPKa2: Sigma, TRCN0000360 775 and TRCN0000360848). After transfection, culture medium was replaced with fresh medium to remove the plasmids, and culture medium containing viruses was harvested 48 and 72 h after medium change as described previously. 88 Media containing lentiviruses were filtered through 0.45-mm syringe filters (Millipore, SLHV033RS) and ultra-centrifuged 4 times in the same ultra-clear centrifuge tubes (Beckman, 344058) at 43,000 £ g for 90 min at 4
C to obtain concentrated viruses. 89 After final centrifugation, pellet fractions were resuspended in saline and the lentivirus copy number was measured by using a titration kit (Clontech, 631235).
Lentiviral infection of hypothalamic cell lines
N41 and N43/5 cells were placed in 6-well plates at a density of 0.5 £ 10 5 cells per well. After 12 h, cells were treated with lentiviruses carrying control shRNAs or shRNAs for Prkaa1 and Prkaa2 knockdown with polybrene (Sigma, H9268) at a concentration of 4 mg/ml and further cultured for 48 h. The medium was replaced with fresh medium containing puromycin (N41: 4 mg/ml; N43/5: 6 mg/ml) to select the infected cells; selected cells were used for experiments.
Stereotaxic injection of lentiviruses into the ARC
Seven-wk-old mice were acclimated for a wk and were given an anesthetic (10 ml/kg of body weight) composed of Zoletil, Rumpun, and saline 20 min before surgery. Lentiviruses were adjusted to 4.0 £ 10 8 copies/ml (equal amounts of Prkaa1 and Prkaa2 shRNA were used), 1.5 £ 10 8 copies/ml (control shRNAs), or 3.48 £ 10 8 copies/ml (eGFP) with saline and injected at a speed of 0.5 ml/min (2 ml on each side) with a microliter syringe (Hamilton, 7768) using the following coordinates: 1.4 mm posterior to bregma; 6.2 mm ventral; 0.35 mm bilateral.
Fluorescence imaging of mouse brain
To visualize GFP in the brain, eGFP lentivirus-injected mice were perfused with ice-cold saline and fixed with 4% paraformaldehyde under anesthesia during the light cycle. The brains were then fixed again in 4% paraformaldehyde and incubated in 30% sucrose in PBS at 4 C overnight. After incubation, the brains were frozen and sectioned at 40 mm for imaging. To visualize nuclei, Hoechst 33342 (Invitrogen, H3570) was used following the manufacturer's instructions. Images were obtained using an inverted confocal microscope (Carl Zeiss, LSM 700) and analyzed using ZEN2009 software.
Preparation of brain tissue
For immunoblotting, mice (except the 2DG-injected group) were sacrificed and the hypothalamic tissues including ARC were quickly dissected immediately after the onset of the dark cycle (18:00) on d 7 after viral infection. For mRNA analysis, the ARC-containing hypothalamus was quickly dissected at 00:00 on d 6 after viral infection. The collected tissues were frozen in liquid nitrogen and stored at ¡80 C until use.
Administration of 2DG and analysis
The ip injection of 2DG (500 mg/kg of body weight) dissolved in saline was conducted during the light cycle (15:00) and mice were sacrificed at 16:00. Specific hypothalamic areas were dissected using anatomical landmarks. A small part of the hypothalamus including the ARC was dissected between the optic chiasm and mammillary bodies, including the area located within § 0.5 mm from the 3 rd ventricle to a depth of 0.5 mm. After ARC dissection, the remaining hypothalamus was harvested along its lateral border at the same depth as the ARC to obtain the LH. 21, 90, 91 Immunoblot analysis Cell and tissue samples were lysed in lysis buffer. 92 Samples were dissolved in 50 mM Tris-HCl, pH 7.4, 250 mM sucrose (Bioshop, SUC507), 5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 (Sigma, T8787), 0.1 mM benzamidine (Sigma, B6506), 1 mM DTT, 0.5 mM PMSF (Sigma, P7626), 50 mM NaF, protease inhibitor cocktail (Calbiochem, 535140), and phosphatase inhibitor cocktail (Sigma, P5726). Lysates were resolved on SDS-polyacrylamide gels and blotted onto PVDF membranes (Millipore, IPVH00010) for 35 min at 20 V in transfer buffer (25 mM Tris base, pH 7.4, 192 mM glycine, 10% methanol). The membranes were blocked with 5% skim milk for 1 h and incubated with appropriate primary antibodies for 1 h at room temperature or at 4 C overnight. After 3 washes with TBST buffer (20 mM Tris [Bioshop, TRS001], 125 mM NaCl [Bioshop, SOD001], 0.1% Tween 20 [Sigma, P1379]), the membrane was incubated with appropriate HRP-linked secondary antibody (anti-mouse: CST, 7076S; anti-rabbit: Thermo Scientific, NCI1460KR) and visualized by using ECL solutions (Thermo Scientific, NCI4080KR; Advansta, K-12045-D50) according to the manufacturer's instructions. Band intensities were measured and quantified using ImageJ software.
Real-time PCR
Total RNA from cells or brain tissues was isolated using Trizol reagent (Invitrogen, 15596018). The RNA pellet was dissolved in nuclease-free water (Promega, P1193) and total RNA concentration was determined using a NanoDrop spectrophotometer (DeNovix, DS-11). Total RNA, reaction buffer, and GoScript Reverse Transcriptase (Promega, A5004) were mixed in a total volume of 20 ml and reverse transcription was carried out in a thermal cycler (Bio-Rad, C1000) at 25 C for 5 min, 42 C for 60 min, and 70 C for 15 min. Real-time PCR was performed with a SYBR Green PCR kit (TaKaRa Biotechnology, RR820A) in a qPCR machine (Bio-Rad, CFX96) for 40 cycles (95 C for 10 sec, 60 C for 30 sec 
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